Thank you for submitting your manuscript for consideration by The EMBO Journal. It has now been assessed by three expert referees, whose comments to the authors are shown below. As you will see, they all consider your identification of a physical and functional association between the phosphatase Ssu72 and the cohesin complex an interesting and potentially important finding. However, they also remain to varying degrees unconvinced that your follow-up analysis has provided sufficiently decisive information to support major definitive conclusions on the role of Ssu72 in the regulation of cohesion at this point. As it stands, the referees raise a number of substantive issues that would need to be adequately addressed before publication might be warranted. The most significant conceptual concerns in this respect are referee 1's request for a more definitive demonstration of Ssu72 effects on SA2 phosphorylation status in vivo (does Ssu72 knockdown increase SA2 phosphorylation? is Ssu72 RNAi epistatic to non-phosphorylatable SA2?), and referee 3's request for a better investigation of Ssu72 effects on cohesin chromosome association (cohesin ChIP analysis, Rad21 cleavage, as well as the Rad21-SA2 discrepancy mentioned in this referee's 3rd point). In addition, both referees 1 and 2 raise a number of more specific issues concerning better controls, descriptions, and explanations/interpretations.
Given the extent of these criticisms, I realize that a satisfactory revision of the study may well go beyond the scope of your project at this stage (and I should also mention that it is our policy to allow only one round of major revision). We would therefore understand if you regarded the necessary revision as unrealistic and decided to submit elsewhere. On the other hand, in our view a substantially revised dataset in the spirit of the referees' comments would provide a much more conclusive and compelling high impact paper and thus justify publication in The EMBO Journal. Therefore, should you feel confident that you might be able to satisfactorily respond to the various The authors found in a yeast two-hybrid assay that Ssu72 interacted with the cohesin subunit Rad21 and confirmed this interaction, and an interaction with the cohesin subunit SA2, by immunoprecipitation and in vitro interaction assays. In addition, the authors find Ssu72 associated with chromatin in G2 and early mitosis, similar to cohesin. Overexpression and RNAi-mediated depletion of Ssu72 seemed to affect cohesin dissociation and sister chromatid arm cohesion in opposite ways. Most of the described effects are consistent with the possibility that Ssu72 counteracts SA2 phosphorylation, which has previously been shown to be important for cohesin removal from chromatin. Consistently, Ssu72 can partially dephosphorylate SA2 in vitro or when overexpressed in vivo.
In the absence of entirely conclusive data, the authors avoid making any strong statements about the mechanism of action of Ssu72. In the discussion, they mention that 'Ssu72... [maintains] sister chromatid arm cohesion by directly and functionally interacting with Rad21 and SA2'. However, this statement is not supported by the data. The authors should use an Ssu72 mutant, which is unable to interact with the cohesin complex, but retains phosphatase activity, in RNAi complementation assays. Unlike wild type Ssu72, this mutant should be unable to rescue the precocious loss of arm cohesion.
Similarly, there is no strong evidence that Ssu72 acts through counteracting SA2 phosphorylation, as the abstract implies. The fact that Ssu72 can dephosphorylate SA2 in vitro or when overexpressed in vivo does not necessarily mean that SA2 is normally a substrate of Ssu72. It remains unclear whether SA2 phosphorylation is increased in Ssu72 RNAi cells. The authors could try to address this. Furthermore, it should be demonstrated that expression of a non-phosphorylatable SA2 mutant (described in Hauf et al. and McGuinness et al. 2005 ) prevents loss of cohesin from sister chromatid arms in Ssu72 RNAi cells.
Somewhat against the idea that Ssu72 acts through SA2 dephosphorylation, the authors show that Ssu72 RNAi counteracts the effect of Wapl RNAi. In Wapl RNAi cells, cohesin largely fails to dissociate from chromatin during mitosis, but phosphorylation of SA2 has been shown to be intact (Kueng et al. 2006) . Thus, it is unclear how Ssu72 RNAi could counteract this effect, if SA2 is the main target. I would find it important to clarify this point.
Additional comments:
-The Ssu72 antibody that the authors use is not very well characterized. It would be good to show the entire membrane in Figure S2 . In addition, antibody staining of unextracted and extracted cells with and without Ssu72 RNAi would be useful. -The immunoprecipitation after DNase treatment, shown in Figure 1F , is quite an important experiment. But why do the authors use Ssu72 overexpression here rather than repeating the experiment with the Ssu72 antibody (as shown in Figure 1B /C)? And why is HA-Ssu72 not detected in the input? -The RNAi experiments would be more convincing if the authors could demonstrate that the effect can be rescued by expression of RNAi-resistant Ssu72 at near-physiological levels. Also, it remained unclear whether the two shRNAs used always showed similar effects. -In the abstract and the introduction, the authors state that they used a 'fission yeast' two-hybrid assay. However, Figure S1 indicates that 'Saccharomyces cerevisiae' was used, which would be budding yeast, not fission yeast.
- Figure 1E : The legend states that cells were treated with doxorubicin. I assume the authors mean doxycycline.
-In the live cell imaging assays shown in Figure 2 and 3, it is difficult for me to recognize when nuclear envelop breakdown takes place. Given that the delay or advancement of cohesin dissociation after perturbation of Ssu72 seems subtle, it would be better to use a marker (i.e. a cytoplasmic protein) that clearly indicates nuclear envelope breakdown rather than H2B-GFP.
- Figure 2 and 3: The DIC pictures do not provide any information. It would be better to leave them out and enlarge the fluorescence pictures. -The authors state that the timing of interphase and mitotic exit was unaffected in Ssu72 overexpressing cells. However, in my opinion there very clearly is a delay in exit from mitosis. Cyclin B1 and securin degradation are obviously delayed, as is cell division ( Figure S4 ).
-After Wapl and Ssu72 double RNAi, shown in Figure 3E , the chromosomes look extremely hypercondensed. Is this always the case? - Figure 4A : The legend implicates that these are unextracted cells. However, from the appearance it looks more like chromosome spreads. Which is the case? And why is Ssu72 staining so different in the two cell lines? -For Figure 5B and C it would be good if the authors provided a control for equal loading (e.g. Coomassie stained bands for the His-and GST-tagged proteins). -In the discussion, the authors state that the Ssu72 sequence contains potential sites for phosphorylation by Aurora. In my view, none of the S/T residues in this sequence matches the consensus for phosphorylation by Aurora. Please clarify.
-The text is sometimes confusing. In particular the first paragraph of the results section describing the interaction studies needs re-writing. For the assays shown in Figure 1D , it is not very clear from the text, how they were performed exactly and the procedure is not listed in the Material & Methods part. One paragraph in the discussion (page 15 upper part) would better fit in the introduction. -The legend to Supplementary Figure S3 does not match the figure. -The legend to Supplementary Figure S5 contains two versions of the text. One of them has to be deleted. Why does GST-Ssu72-delta1-12 migrate slower than GST-Ssu72WT ( Figure S5 )? -Extract preparation using buffer A and B remains unclear. Was there an additional centrifugation step after incubation of the insoluble pellet with buffer B? -Information on the phospho-antibodies used in Figure 5 is missing. Why didn't the authors additionally or alternatively use the SA2-pS1224 antibody (Kueng et al. 2006 )? -The source of recombinant CDK1/Cyclin B, Plk1 and Aurora B is unclear. -Legend Figure 1 : 'Schematic alignment...' This is not an alignment. -In Figure 1A and E the color coding for the different regions of the Ssu72 protein is not consistent.
Referee #2 (Remarks to the Author):
In this manuscript the authors show that Ssu72 interacts with Rad21 and SA2 subunits of the cohesin complex in vivo. In a series of imaging experiments, they found a positive correlation between Ssu72 expression levels and the timing of SA2/ Rad21 dissociation from chromatin during early stages of mitosis. The authors also observed that Ssu72 expression level negatively correlates with the phosphoyrlation of threonine residues on SA2 in vivo. In vitro, bacterially expressed wildtype GST-Ssu72, but not an active site mutant, counteracted SA2 phosphorylation by Plk1. Together, these data establish SSu72 as an important regulator of mitotic cohesin dissociation. This interesting finding will appeal to a wide readership such as that of EMBO Journal. However, there are a number of points that need to be addressed before publication of the manuscript:
Major Comments:
1. In image 2C and 2D the authors perform experiments to determine persistence of Rad21-RFP signal associated to chromatin after nuclear envelope breakdown. They annotate nuclear envelope breakdown based on a chromatin marker. However, the perturbation conditions they use affect sister chromatid cohesion and may induce disorganized chromosomes, thereby potentially compromising the correct annotation of nuclear envelope breakdown based on the H2B label. The authors should use an alternative marker to directly measure nuclear envelope breakdown (NEBD), for example detect dispersal of GFP fused to a nuclear localization signal sequence into the cytoplasm. This would be even more important for the experiments shown in Fig. 3A /B, where the authors aim to annotate NEBD on a seconds-scale. The H2B marker is inappropriate to annotate NEBD timing with the precision required in this experiment. The number of cells assayed in the time-lapse imaging experiments of Fig. 2 /3 should be increased to at least 10 in each condition. The subtitle for Fig. 2 should be changed to "Aberrant expression of Ssu72 causes defects in cohesin dissociation from chromatin".
2. In Fig. S4 the authors claim that the cells over-expressing Ssu72 show a significant early mitotic delay compared to control cells, but normal progression through interphase and mitotic exit. They perform FACS and western blot (WB) analysis of samples taken at different time points after the release of cells from a double thymidine block. The authors should explain how they measure the different timings in this assay, which is not clear. A clear statement about mitotic timing would require measurements based on live imaging, e.g., of a chromatin marker. As the authors have recorded many cells progressing through mitosis, they should annotate mitotic timing in these data as well.
3. In Fig. 4C the authors analyze the levels of different proteins by WBs in different conditions, including cells depleted of Ssu72. The authors should include loading controls in every lane to be able to quantify the relative amount of the tested proteins.
4. In Fig. 5B and C the authors investigate the dephosphorylation effect of different Ssu72-GST fusion proteins over phosphorylated SA2 and Rad21 substrates. They should include loading controls of the amount of GST complexes loaded in each reactions, i.e. a WB against GST tag for every condition. This will exclude the possibility of differences in dephosphorylation of SA2 substrate due to different amounts of phosphatase complexes loaded between reactions.
5. In Fig.S6 it is necessary to perform qPCR in order to quantify the expression levels of the different genes tested under Ssu72 overexpression.
6. Throughout the manuscript, the authors speak of "significant" differences on a number of instances. They should validate these statements by statistical tests and provide p-values. The authors should also add error bars to all bar graphs shown in Fig. 4 to demonstrate variability of at least three technical replicas.
7. The discussion should be better structured and shortened.
8. In the abstract, the authors state that "depletion or mutational inactivation of Ssu72 phosphatase activity caused premature sister chromatid separation." This it not the case, as centromeric cohesion is not affected. The authors should specify that they mean sister chromatid arm cohesion.
Minor comments:
In page 8, replace "sister chromaids" with " sister chromatids".
In the paragraph of Fig. 5 , replace the second "(A)" with "(B)".
Referee #3 (Remarks to the Author):
The manuscript by Kim et al. describes the isolation and characterization of a human cohesininteracting phosphatase that regulates sister chromatid cohesion on chromosome arms. The regulation of the temporal association of cohesins with chromosomes is critical for the proper segregation of sister chromatids to daughter cells during mitosis. It was established previously that phosphorylation of cohesin subunits results in the cleavage-independent removal of cohesins from chromosome arms early in mitosis, while centromeric cohesin association is protected from removal by the shugoshin-mediated recruitment of a PP2A phosphatase to centromeric chromatin. This paper describes the interesting finding that the Ssu72 phosphatase functions to regulate cohesion on chromosome arms during interphase.
The authors identified Ssu72 as a cohesin subunit (Rad21)-interacting protein using a yeast twohybrid approach. The interaction of human Ssu72 with a number of cohesin subunits was verified both in vitro and in vivo. In fact, Ssu72 interacts directly in vitro with both the Rad21 and SA2 cohesin subunits. Deletion analyses found that different regions of the Ssu72 protein are required for these two interactions. Ssu72 was found to be chromatin-bound in interphase and early mitotic cells, but was absent from metaphase-arrested cells. The disassociation of cohesin subunits with chromosomes following nuclear envelope breakdown was delayed in Ssu72-overexpressing cells and conversely, depletion of Ssu72 caused a minor (1 min) advance in cohesin subunit dissociation. The delay in cohesion dissociation was abrogated by mutation of a conserved cysteine residue in the Ssu72 phosphatase domain, creating a phosphatase-dead protein. Lastly, the phosphatase appeared to be specific for the SA2 subunit of cohesin, and did not dephosphorylate the Rad21 subunit. While the observations described in the manuscript are novel and potentially interesting to a wide audience, I cannot support publication of the manuscript in its present form. However, I would support publication if the following issues are sufficiently addressed in a revised manuscript:
1. The major implication of the manuscript, that cohesin association along chromosome arms is regulated by the Ssu72 phosphatase, is supported, but not proven, by changes in the appearance of mitotic chromosomes (cohesion) when Ssu72 levels are altered, and by cohesin association in bound vs non-bound chromatin fractionation experiments. Such a conclusion could be significantly strengthened by chromatin immunoprecipitation of cohesin subunits under the same experimental conditions to show that the changes outlined above strongly correlate molecularly with the expected changes in cohesin association at a number of cohesin associated regions on chromosome arms.
2. In the Ssu72-overexpressing cells, cohesin disassociation is delayed but not prevented. In contrast, knockdown of Ssu72 results in precocious sister chromatid separation. These observations lead to simple predictions regarding the status of Rad21 in each case. In the Ssu72-overexpressing cells, a simple model is that eventual dissociation of cohesins reflects the activation of the separasemediated Rad21 cleavage pathway, which is typically critical only for the removal of centromeric, but not arm, cohesins. In contrast, the premature dissociation of cohesins in the Ssu72 knockdowns is more likely mediated by the prophase pathway for cohesin removal, which is cleavageindependent. Thus, an examination of the status of Rad21 cleavage would provide additional important detail to support the authors' claims.
3. In Figure 4 , the authors report that after 4 hours in nocodazole, SA2 is chromatin-associated whereas Rad21 is essentially absent. How do the authors explain this observation given that the dogma in the field is that the chromatin association of cohesin subunits is interdependent? Figure 4 also suffers from the lack of sufficient controls. For example, it is critical that the experimental samples be re-run with lambda phosphatase-treated controls so that the migration of phosphorylated and non-phosphorylated cohesin subunits can be accurately assessed, as the differences in the migration of the indicated bands is minimal at best.
4. The authors show in in vitro experiments that the phosphorylation content of cohesin subunits is reduced by treatment with Ssu72. However, the experiments are inadequately described. What are the molar ratios of enzyme and substrate, and how do these relate to physiological conditions? Merely showing a reduction in phosphorylation content without providing these details is unsatisfying.
1st Revision -authors' response 29 July 2010
Response to Reviewer #1 We would like to thank to the reviewer for his/her comments, which raised a pertinent point and helped us improve this manuscript. To address this criticism, we performed an Ssu72 siRNA complementation assay using two shRNA-insensitive versions of Ssu72 (shi Myc-Ssu72 WT and the C12S mutant). More specifically, we examined whether overexpression of shi Myc-Ssu72 WT or the -Ssu72 C12S mutant could rescue the cohesion defect caused by Ssu72 depletion. As shown in revised Figures 3F and 3G, our chromosome spreading assays revealed that overexpression of shi Myc-tagged Ssu72 WT significantly recovered the resolution of sister chromatid arm cohesion in Ssu72-depleted HeLa cells, whereas overexpression of the phosphatase-dead mutant of Ssu72 (Ssu72 C12S) failed to rescue the cohesion defect caused by Ssu72 depletion.
Regarding the second part of this comment, we were unable to generate an Ssu72 mutant that was unable to interact with the cohesin subunits but retained its phosphatase activity. As shown in Figure  1E , the N-terminal domain of Ssu72 (amino acid residues 1-60), which includes the conserved phosphatase domain, seems to be a candidate for this sort of experiment. However, this domain does not directly bind to the cohesin subunit proteins, and it does not possess phosphatase activity, due to its lack of the aspartate loop of the phosphatase active site (amino acid residues 116-119) ( Figure 1A and Supplementary Figure S8C ). Thus, although we appreciate this reviewer's insightful comments, we are currently unable to clarify this important point.
2) It remains unclear whether SA2 phosphorylation is increased in Ssu72 RNAi cells. The authors could try to address this. Furthermore, it should be demonstrated that expression of a nonphosphorylatable SA2 mutant (described in Hauf et al. and McGuinness et al. 2005) prevents loss of cohesin from sister chromatid arms in Ssu72 RNAi cells.
To address this comment, we performed additional experiments examining the hyperphosphorylation of SA2 in Ssu72-depleted cells (revised Figures 4A and 6G ). Using the antiphospho SA2 S1224 antibody, which recognizes SA2 that is phosphorylated at serine 1224 (Kueng et al., 2006) , we observed that the hyperphosphorylated form of SA2 was significantly increased in Ssu72-depleted cells synchronized at mitosis. In addition, the new data presented in Figure 6G clearly show that more highly phosphorylated SA2 proteins were recognized by the anti-phosphothreonine antibody in Ssu72-depleted cells versus controls.
As suggested in the second part of this comment, we tested whether the expression of a nonphosphorylatable SA2 mutant (SA2 4A; Hauf et al., 2005) could prevent the dissociation of arm cohesins in Ssu72-depleted cells. As presented in revised Supplementary Figure S11 , the expression of SA2 WT in Ssu72-depleted cells clearly recovered the resolution of sister chromatid arm cohesion induced by Ssu72 depletion. Moreover, the expression of SA2 4A rescued this effect to a significantly higher degree compared to SA2 WT, indicating that the non-phosphorylatable SA2 mutant effectively rescues the premature dissociation of chromatid cohesion caused by Ssu72 depletion. Figure 5B ). In Ssu72 KD cells, however, depletion of Wapl failed to rescue the premature dissociation of arm cohesins (SA2 and Rad21) caused by Ssu72 depletion.
3) Somewhat against the idea that
Our time-lapse microscopic analysis also revealed that the depletion of Wapl sharply inhibited the dissociation of SA2-RFP from sister chromatids ( Figures 5F and 5G ). However, further inhibition of Ssu72 expression in Wapl-depleted cells clearly counteracted the association of SA2-RFP with sister chromatids. This suggests that the premature dissociation of cohesin subunits from sister chromatids seen in Ssu72-depleted cells may be due to the enhancement of SA2 hyperphosphorylation at a stage prior to the Wapl-mediated regulation of arm cohesion during early mitosis. Together, these results further support our contention that Ssu72 regulates cohesion at chromosome arms in a Waplindependent manner. Figure S2 . In addition, antibody staining of unextracted and extracted cells with and without Ssu72 RNAi would be useful.
Additional comments

1) The Ssu72 antibody that the authors use is not very well characterized. It would be good to show the entire membrane in
In response to this comment, we have performed additional experiments. The new data are presented in Supplementary Figures S2 and S3 .
2)
The immunoprecipitation after DNase treatment, shown in Figure 1F , is quite an important experiment. But why do the authors use Ssu72 overexpression here rather than repeating the experiment with the Ssu72 antibody (as shown in Figure 1B/ 
C)? And why is HA-Ssu72 not detected in the input?
The revised manuscript now includes information on using HeLa cells stably expressing HA-tagged Ssu72 to optimize the specificity of the anti-Ssu72 antibody, and to re-confirm the in vivo interaction of Ssu72 with cohesin subunit proteins. In addition, we have added an input immunoblot figure (revised Figure 1F) .
3)
The RNAi experiments would be more convincing if the authors could demonstrate that the effect can be rescued by expression of RNAi-resistant Ssu72 at near-physiological levels. Also, it remained unclear whether the two shRNAs used always showed similar effects.
The first point is now addressed in revised Figures 3F and 3G (see the response to major comment #1 for more detail). As to the question regarding the two shRNAs against Ssu72, shSsu72 #1 and #2 showed very similar effects in our immunostaining, immunoblotting and chromosome spreading analyses. Comparisons are now shown in Figure 3B and Supplementary Figures S2B-2E. 
4)
In the abstract and the introduction, the authors state that they used a 'fission yeast' two-hybrid assay. However, Figure S1 indicates that 'Saccharomyces cerevisiae' was used, which would be budding yeast, not fission yeast.
We apologize for this confusion, and have corrected the latter instance to indicate that a fission yeast was used. Figure 1E : The legend states that cells were treated with doxorubicin. I assume the authors mean doxycycline.
5)
This has been deleted, as we actually used asynchronized HeLa cells for the GST pull-down assay.
6)
In the live cell imaging assays shown in Figure 2 and 3, it is difficult for me to recognize when nuclear envelop breakdown takes place. Given that the delay or advancement of cohesin dissociation after perturbation of Ssu72 seems subtle, it would be better to use a marker (i.e. a cytoplasmic protein) that clearly indicates nuclear envelope breakdown rather than H2B-GFP.
To monitor cellular entrance into mitosis, we now examine both the appearance of sister chromatid disorganization, as assessed using by H2B-CFP or H2B-GFP, and the nuclear envelope permeability of maltose-binding protein fused with GFP (MBP-GFP), which is dispersed from the nucleus when cells enter mitosis after cytoplasmic photobleaching. We now provide time-lapse microscopic data on the use of MBP-GFP as an NEBD marker (revised Figures 2B, 2G and 2H, and Supplementary Figure S5 ).
7) Figure 2 and 3: The DIC pictures do not provide any information. It would be better to leave them out and enlarge the fluorescence pictures
In accord with this request, we have removed the DIC pictures.
8)
The Figure S4 ).
In response to this comment, we further examined the effect of Ssu72 expression on cell cycle progression. As presented in Supplementary Figures S6C-S6E , time-lapse microscopic analyses revealed that Ssu72 overexpression significantly delayed cell cycle progression at prometaphase and metaphase. In addition, immunoblotting analyses comparing the levels of mitotic marker proteins (e.g., Plk1, cyclin B1 and securin) showed that Ssu72 overexpression significantly protected these mitotic marker proteins from degradation/destabilization during the middle stage of mitosis (Supplementary Figure S6B) . In contrast, Ssu72-depleted cells showed a slight increase in mitotic exit but no significant change in interphase cells (Supplementary Figure S7) , indicating that Ssu72 depletion does not profoundly affect the normal timing of mitosis and interphase. We present the relevant revised data in Supplementary Figure S6 and discuss this information on page 10 of the revised manuscript.
9)
After Wapl and Ssu72 double RNAi, shown in Figure 3E , the chromosomes look extremely hypercondensed. Is this always the case?
We regard this as an important question. Interestingly, we often observed hypercondensed chromosome in cells Ssu72 and Wapl double-depleted cells compared to the control and Wapldepleted cells (revised Figure 5F ). We speculate that the appearance of hypercondensed chromatids in the double-depleted cells could be caused by condensin loading subsequent to the dissociation of cohesin from the chromosome arms. We are currently examining whether there is a functional interplay between Ssu72 expression and chromosome condensation. Relevant statements are now included on page 22 of the revised manuscript.
10) Figure 4A: The legend implicates that these are unextracted cells. However, from the appearance it looks more like chromosome spreads. Which is the case? And why is Ssu72 staining so different in the two cell lines?
The cell staining pictures shown in revised Figure 3A ( Figure 4A in the original manuscript) show the results of our chromosome spreading analysis, not indirect immunofluorescence. We have modified the figure legend accordingly. In addition, we have added new data to revised Figure 3A .
11) For Figure 5B and C it would be good if the authors provided a control for equal loading (e.g. Coomassie stained bands for the His-and GST-tagged proteins).
As suggested, we have included Coomassie-stained images of the loading controls in revised Figures 6B and 6C.
12) In the discussion, the authors state that the Ssu72 sequence contains potential sites for phosphorylation by Aurora. In my view, none of the S/T residues in this sequence matches the consensus for phosphorylation by Aurora. Please clarify.
Although it seems that Ssu72 does not include the typical consensus motif for aurora kinasemediated phosphorylation, we have identified potential sites at which Ssu72 may be phosphorylated by aurora B kinase. The relevant information is now included on page 20 of the revised manuscript. Figure 1D, As requested, we have rewritten the first paragraph of the 'Results' section, and details of the experiment shown in Figure 1D are now described in the 'Materials and Methods' section of the revised manuscript.
13) The text is sometimes confusing. In particular the first paragraph of the results section describing the interaction studies needs re-writing. For the assays shown in
14)
The legend to Supplementary Figure S3 does not match the figure.
We have corrected the error in the legend to Supplementary Figure S3 .
15) The legend to Supplementary Figure S5 contains two versions of the text. One of them has to be deleted. Why does GST-Ssu72-delta1-12 migrate slower than GST-Ssu72WT (Figure S5)?
We have revised the legend in accordance with the reviewer's first comment. As to the GST-Ssu72 1-12 construct, we originally confirmed all of the constructs used in this manuscript by direct DNA sequencing, and further reconfirmed this particular construct by additional DNA sequencing and in vitro phosphatase analyses. However, it seems caused by the generation of a few amino acid sequences during the process of plasmid cloning.
16) Extract preparation using buffer A and B remains unclear. Was there an additional centrifugation step after incubation of the insoluble pellet with buffer B?
We have added more information about these buffers and procedures to the 'Materials and Methods' section (pages 27 and 28).
17) Information on the phospho-antibodies used in Figure 5 is missing. Why didn't the authors additionally or alternatively use the SA2-pS1224 antibody (Kueng et al. 2006)?
We now include information on the phospho-threonine and -serine antibodies in the 'Materials and Methods' section. In addition, we have taken this reviewer's useful suggestion and have incorporated the use of an anti-SA2 antibody that specifically recognizes proteins that have been phosphorylated at serine 1224. These new data are presented in revised Figures 4A and 5B. 
18)
The source of recombinant CDK1/Cyclin B, Plk1 and Aurora B is unclear. Legend Figure 1 : 'Schematic alignment...' This is not an alignment. In Figure 1A and E the color coding for the different regions of the Ssu72 protein is not consistent.
We appreciate the reviewer's thoroughness and have corrected the noted mistakes.
Response to Reviewer #2
1)
The We would like to thank to the reviewer for his/her comments, which raised a pertinent point and helped us improve this manuscript. To monitor cellular entry into mitosis, we now examine not only the appearance of sister chromatid disorganization (as indicated by H2B-CFP or H2B-GFP), but also the nuclear envelope permeability of maltose-binding protein fused with GFP (MBP-GFP), which is dispersed from the nucleus when cells enter mitosis after cytoplasmic photobleaching. We have added new time-lapse microscopic data obtained using MBP-GFP as a NEBD marker to revised Figures 2B, 2G and 2H, and Supplementary Figure S5) .
In response to the second part of this comment, we have replaced the subtitle for Figure 2 as suggested.
2) In Fig. S4 the authors claim that the cells over-expressing Ssu72 show a significant early mitotic delay compared to control cells, but normal progression through interphase and mitotic exit. They perform FACS and western blot (WB) analysis of samples taken at different time points after the release of cells from a double thymidine block. The authors should explain how they measure the different timings in this assay, which is not clear. A clear statement about mitotic timing would require measurements based on live imaging, e.g., of a chromatin marker. As the authors have recorded many cells progressing through mitosis, they should annotate mitotic timing in these data as well.
In response to this comment, we further examined the effect of Ssu72 expression on cell cycle progression. As presented in Supplementary Figures S6C-S6E , time-lapse microscopic analyses revealed that overexpression of Ssu72 significantly delayed cell cycle progression at prometaphase and metaphase. In addition, immunoblotting analyses comparing the levels of mitotic marker proteins (e.g., Plk1, cyclin B1 and securin) showed that overexpression of Ssu72 significantly protected these mitotic marker proteins from degradation/destabilization during the middle stage of mitosis (Supplementary Figure S6B) . In contrast, Ssu72-depleted cells showed a slight increase in mitotic exit, but no significant change in interphase cells (Supplementary Figure S7) , indicating that depletion of Ssu72 does not profoundly affect the normal timing of mitosis and interphase. We have updated Supplementary Figure S6 accordingly, and haven included this information on page 10 of the revised manuscript.
3)
In Fig. 4C 
the authors analyze the levels of different proteins by WBs in different conditions, including cells depleted of Ssu72. The authors should include loading controls in every lane to be able to quantify the relative amount of the tested proteins.
As requested by the reviewer, we have performed additional immunoblotting experiments, and now provide loading control data (revised Figure 4C ).
4)
In Fig. 5B and C the authors investigate the dephosphorylation effect of different Ssu72-GST fusion proteins over phosphorylated SA2 and Rad21 substrates. They should include loading controls of the amount of GST complexes loaded in each reactions, i.e. a WB against GST tag for every condition. This will exclude the possibility of differences in dephosphorylation of SA2 substrate due to different amounts of phosphatase complexes loaded between reactions.
Revised Figures 6B and 6C now include Coomassie-stained images of the loading controls.
5)
In Fig.S6 it is necessary to perform qPCR in order to quantify the expression levels of the different genes tested under Ssu72 overexpression.
Ssu72 was originally identified based on its physical interaction with the transcription factor, TFIIB, and has been reported as a transcription-controlling factor in yeast. Therefore, as noted by this reviewer, it was important for us to examine whether the overexpression of Ssu72 affected the gene expression patterns of the cohesin subunits. Accordingly, we used qPCR to quantify the mRNA levels of SMC1, SMC3, SA2 and RAD21 in cells overexpressing Ssu72. As shown in revised Supplementary Figure S10B , Ssu72 overexpression did not have any significant effect on the mRNA levels of the tested genes.
6)
Throughout the manuscript, the authors speak of "significant" differences on a number of instances. They should validate these statements by statistical tests and provide p-values. The authors should also add error bars to all bar graphs shown in Fig. 4 to demonstrate variability of at least three technical replicas.
We appreciate this helpful comment. In the original Figure 3 (original Figure 4) , the graph based on the chromosome spreading assays shows the relative frequencies of the chromosomal phenotypes (open, partial open and closed). In our opinion, error bars may not required in the case of Figure 3 . However, all data presented in revised Figures 3C-3G were calculated from at least 600 cells per transfectant, from five independent experiments. We have also provided the relevant information in the legend to Figure 3 .
7)
The discussion should be better structured and shortened.
We have modified the 'Discussion' section as suggested.
8) In the abstract, the authors state that "depletion or mutational inactivation of Ssu72 phosphatase activity caused premature sister chromatid separation." This it not the case, as centromeric cohesion is not affected. The authors should specify that they mean sister chromatid arm cohesion.
We have rephrased this statement in the 'Abstract' section as suggested. 
1)
Such a conclusion could be significantly strengthened by chromatin immunoprecipitation of cohesin subunits under the same experimental conditions to show that the changes outlined above strongly correlate molecularly with the expected changes in cohesin association at a number of cohesin associated regions on chromosome arms.
We would like to thank to the reviewer for his/her comments, which raised a pertinent point and helped us improve this manuscript. In response to this important comment, we performed chromatin immunoprecipitation (ChIP)-qPCR assays against two cohesin-associated regions: the arm region of chromosome 7 (116357745-116357949), and the H19-imprinting control region (ICR) in chromosome 11 (Wendt et al., 2008) . We measured the relative amounts of cohesin (Rad21) at these cohesin binding sites in Ssu72-and Scc2-depleted cells during G2 and early mitosis. As presented in revised Figures 4E and 4F , both Scc2-and Ssu72-depleted cells showed sharply reduced cohesin levels at the cohesion-binding sites during both G2 and mitosis. These data suggest that Ssu72 is involved in sister chromatid arm cohesion as early as the G2 phase of the cell cycle. This information is now given on pages 14 and 15 of the revised manuscript.
2)
In In response to the reviewer's interesting points, we examined the status of Rad21 cleavage in Ssu72-depleted cells during the various phases of the cell cycle (i.e., G1, G2 and early mitosis). As presented in revised Figure 4D , Rad21 cleavage was observed at similar levels in the non-chromatin fractions of both control and Ssu72-depleted cells during mitosis. Similarly, when we overexpressed Ssu72 and examined the levels of cleaved Rad21 (revised Supplementary Figure S9) , the levels of cleaved Rad21 were comparable between the control and Ssu72-ovexpressing cells. These findings indicate that the premature dissociation of cohesion from sister chromatids in Ssu72-depleted cells is likely to be mediated via a Rad21-cleavage-independent pathway. This information has been added on pages 13 and 14 of the revised manuscript.
3)
In Figure 4 , the authors report that after 4 hours in nocodazole, SA2 is chromatinassociated whereas Rad21 is essentially absent. How do the authors explain this observation given that the dogma in the field is that the chromatin association of cohesin subunits is interdependent? Figure 4 also suffers from the lack of sufficient controls. For example, it is critical that the experimental samples be re-run with lambda phosphatase-treated controls so that the migration of phosphorylated and non-phosphorylated cohesin subunits can be accurately assessed, as the differences in the migration of the indicated bands is minimal at best.
In response to the first part of this comment, the apparent discrepancy between the SA2 and Rad21 levels in original Figure 4C was due to differences in the sensitivities of the antibodies against SA2 and Rad21. We now present new immunoblotting data in revised Figure 4C ; these experiments were run with additional consideration of the concentrations and sensitivities of the utilized antibodies, and include new loading controls.
As to the second part of this comment, we have added new data to revised Figures 4A and 4B , and include relevant statements on page 13 of the revised manuscript. Our new data clearly show that the slower-migrating (i.e. hyperphosphorylated) SA2 band was significantly increased in the nonchromatin fractions of Ssu72-depleted cells undergoing mitosis. The polypeptides comprising this band were clearly hypophosphorylated by lambda phosphatase treatment, indicating that depletion of Ssu72 augments the hyperphosphorylation of SA2.
4)
The authors show in in vitro experiments that the phosphorylation content of cohesin subunits is reduced by treatment with Ssu72. However, the experiments are inadequately described. What are the molar ratios of enzyme and substrate, and how do these relate to physiological conditions? Merely showing a reduction in phosphorylation content without providing these details is unsatisfying.
As we agree that it is very important to specifically determine whether the Ssu72 phosphatase dephosphorylates SA2, we examined whether SA2 phosphorylation was increased in Ssu72-depleted cells. As presented in revised Figure 6G , we found that higher levels of phosphorylated SA2 were recognized by the anti-phospho-threonine antibody in Ssu72-depleted cells compared to controls. In addition, using the anti-phospho SA2 S1224 antibody, which recognizes SA2 that has been phosphorylated at serine 1224 (Hauf et al., 2005; Kueng et al., 2006) , we observed that the hyperphosphorylated form of SA2 was significantly increased in Ssu72-depleted cells (revised Figure 4A ). Thank you for submitting your revised manuscript. It has now been seen once more by the original referees 1 and 3, and I am happy to inform you that both of them consider the manuscript now in principle suitable for publication in The EMBO Journal. Both of them nevertheless retain a number of minor concerns -mostly regarding presentation, discussion, interpretation and language issuesthat I would kindly ask you to carefully revise on the editorial level according to the comments below. No further experiments will be required at this stage, and I am therefore hoping you will be able to resubmit your re-revised manuscript as soon as possible. Once we will have received this final version, we should then hopefully be able to swiftly proceed with the acceptance of your paper.
I am looking forward to receiving your final version.
Yours sincerely,
Editor
The EMBO Journal REFEREE REPORTS Referee #1 (Remarks to the Author):
The authors addressed many of the points raised by the reviewers, and I find that the manuscript has greatly profited from these changes. Several experiments are now better controlled, and therefore more conclusive. In particular, the inclusion of an additional marker for NEBD in Figure 2 , the RNAi rescue experiment in Figure 3 , the use of the phospho-specific SA2 antibody (Figure 4 ), as well as additional controls for the specificity of the Ssu72 antibody (Supplementary Material) make the data more convincing.
Some points still need to be clarified or corrected:
1) I am still confused about the yeast two-hybrid assay, which the authors now state was performed in Schizosaccharomyces pombe. However, as far as I know, the reporter strain AH109 that has been used (Suppl. Figure 1 ) is a budding yeast (Saccharomyces cerevisiae) strain (http://www.clontech.com/images/pacs/630444-PA33699.pdf).
2) page 6 'Notably, Ssu72 and Rad21...': I find this sentence confusing. What do the authors mean by '... formed in vitro...'? Please re-formulate and summarize the co-IP data only (which is the only piece of data that has been mentioned at that point -direct interaction tests using recombinant proteins are only discussed later in the text).
3) page 7 '... whereas the central... and COOH-terminal ... regions of Ssu72 were required for the interaction with SA2.': In my opinion, the authors cannot conclude that the C-terminal region of Ssu72 is required for interaction with SA2. It is certainly not sufficient, but to test whether it is required would need an Ssu72-61-120 construct. This sentence should be re-formulated. Figure 4A and 4B, it is unclear to me why the strong phosphorylation-dependent shift of SA2 observed in the supernatant in mitosis in Figure 4B is not seen in Figure 4A (lane 1, 2, 5, 6 in Figure 4A ; lane 3, 4, 7, 8 in Figure 4B ). Is it a different type of gel? If so, I think it would be useful to specify in the figure legend. The corresponding sentence in the text, page 13 'In addition, we observed a rapidly migrating band of SA2 polypeptides...' is also confusing to me. In my opinion, the point is that there is a slower migrating band in mitosis, which becomes faster migrating after lambda phosphatase treatment (i.e. worth mentioning is particularly the slower migration in mitosis). For the second half of this sentence: in this experiment ( Figure 4B ), there is no difference between shLuc and shSsu sample and therefore it cannot be concluded from this data that '... Ssu72 depletion augments the hyperphosphorylation of SA2'. This is a valid conclusion for Figure 4A , but the way the authors write it, it sounds like they are concluding this from 4B.
4) Comparing
5) The part on Rad21 cleavage ( Figure 4D/S9 ) and text page 14 is confusing: The authors mention that cells were arrested in 'early mitosis' and I assume that cells were arrested by nocodazole. The bulk of Rad21 cleavage should only happen when cells are released from nocodazole (compare Waizenegger et al., 2000) . Although it has more recently been reported that separase-dependent Rad21 cleavage may happen in nocodazole-arrested cells and be important for the removal of cohesin from chromosome arms (Nakajima et al., J Cell Sci 2007), Nakajima and colleagues reported that they were unable to observe cleaved Rad21 in nocodazole-arrested cells. Therefore, I am worried that the band, which the authors mark as Rad21 cleavage product could in fact be a mitosis-specific cross-reaction of the antibody rather than a Rad21 band. Even if the observed additional band is a Rad21 cleavage product, it is difficult to conclude that there is no change in abundance. In my opinion, the band seems slightly stronger in shSsu and slightly weaker in HA-Ssu72-expressing cells. In any case, this experiment in my opinion does not address whether the precocious loss of cohesion Ssu72-depleted cells during a 'normal' prometaphase (i.e. in the absence of nocodazole) is Rad21-cleavage-independent. This could be addressed by using cells expressing non-cleavable Rad21, but I think such an experiment is beyond the scope of this paper. To summarize, I find this data not entirely convincing, and I would move Figure 4D to the Supplementary Material. If the data is discussed in the text, it needs to be made clear that the authors observe Rad21 cleavage in nocodazole-arrested cells, and Nakajima et al. should be cited.
6) In Figure S8 B/C, it would be more intuitive, if color coding was consistent between regions in the schematic, text labeling and cartoon representation.
7) It remains unclear how the quantification in Figure 5D was performed (not mentioned in the Methods section). In addition, there are a couple of typos in Figure 5D : 'ration' instead of 'ratio' and some lower case instead of upper case letters. It is similarly unclear how quantifications in Figure 2 were performed. 10) text page 20, last sentence '... to determine whether the Ssu72-mediated dephosphorylation of SA2 indeed leads to cohesin dissociation...' and page 21 '... through which the Ssu72-mediated dephosphoryation or hypophosphorylation of SA2 leads to cohesin dissociation'. Very confusingisn't it just the other way round? Don't the authors show that Ssu72 leads to retention of cohesin rather than its dissociation...? In contrast, depletion of Ssu72 (probably via increased phosphorylation of cohesin) leads to cohesin dissociation.
11) text page 22 '... seems to be caused by condensin loading subsequent to the dissociation of cohesion...': The authors need to indicate that this is at present pure speculation. Figure 4 : Change to '... causes the premature dissociation of cohesin.' (rather than '... dissociation of sister chromatid cohesion' -cohesion is not assessed in these experiments).
12) Title of
In this revised manuscript, the authors have made significant efforts to address the scientific criticisms that were provided in the first review, and I am now satisfied with the results provided. However, I find several statements in the discussion to be quite confusing based on the observations contained within the manuscript. The authors demonstrate that chromosomes display a more "open" appearance, consistent with lower levels of cohesin association, in cells with reduced Ssu72 phosphatase expression and that the converse is also true, that overexpression of Ssu72 results in more tightly associated sister chromatids. The simplest interpretation of these results, as rightly stated by the authors, is that the dephosphorylation of the SA2 cohesin subunit, mediated by Ssu72, promotes a stable association of the cohesin complex with the chromosome, whereas, the inactivation of the phosphatase promotes cohesin removal by a cleavage-independent pathway. However, these conclusions seem to be reversed in two different statements in the discussion. The first is the last sentence in the opening paragraph of the discussion where the authors state "Future studies will be required to determine whether the Ssu72-mediated dephosphorylation of SA2 indeed leads to cohesin dissociation . . .". The second statement generating confusion is the closing statement of the second paragraph of the discussion stating that "future studies will be required to determine the actual mechanisms through which the Ssu72-mediated dephosphorylation or hypophosphorylation of SA2 leads to cohesin dissociation." These statements are contradictory to the data and must be clarified.
2nd Revision -authors' response 11 August 2010
As to the reviewer #1's 5th comment regarding on the original Figure 4D and supplemental Figure  S9 , we initially intended to examine whether the premature dissociation of cohesin in the Ssu72-depleted cells could be Rad21-cleavage-independent. However, we failed to observe any increase in Rad21 cleavage among Ssu72-depleted cells compared to controls. Similarly, when we overexpressed Ssu72 and examined the levels of cleaved Rad21, we did not observe any significant change in the levels of cleaved Rad21 between control and Ssu72-ovexpressing cells. Therefore, to minimize unnecessary abundance, we have removed out these figures (the original Figure 4D and supplemental Figure S9 ).
